The composition and topography of the structural polypeptides of bovine rotavirus was studied by polyacrylamide gel electrophoresis of radioactively labelled virus grown in LLC-MK2 cells and by lactoperoxidase-catalysed iodination of single-and double-capsid particles. Bovine rotavirus was found to possess at least six structural polypeptides, three of them associated with the inner capsid (p 102K, p9lK and p45K) and the others with the outer capsid (p84K, p37K and p34K). The most abundant polypeptide of the inner capsid was p45K, which accounted for approx. 80% of the protein mass, followed by p91K (approx. 20% of the protein mass) and pl02K (approx. 1% of the protein mass). Polypeptide 45K is not readily available for iodination, indicating that it is partially covered by p91K, which is the most exposed polypeptide of the inner capsid. The number of polypeptide molecules per single capsid particle (calculated on the basis of an RNA content of 16%) was estimated to be approx. 6 molecules of pl02K, 140 of p91K and 989 of p45K. The stoichiometry and degree of exposure of outer capsid polypeptides was more difficult to establish, even when it appears that p84K and p34K are the most exposed components.
INTRODUCTION
Rotaviruses, a major cause of neonatal diarrhoea in humans and many other animal species (Flewett & Woode, 1978; Kapikian et al., 1978; Viera de Torres et al., 1978) , are typical members of the Reoviridae family. They possess a genome composed of 11 segments of double-stranded RNA Rodger & Holmes, 1979) surrounded by two concentric protein shells. The outer capsid polypeptides are readily removed by calcium chelation , which in turn activates a virion-associated RNA-dependent RNA polymerase (Cohen, 1977; Hruska et al., 1978; Cohen et al., 1979) . On the other hand, double-capsid particles appear to possess poly(A) polymerase enzyme activity (Gorziglia & Esparza, 1981) .
The structure of the rotavirion has been the subject of several investigations, resulting in a number of conflicting interpretations (Martin et al., 1975; Stannard & Schoub, 1977; Esparza & Gil, 1978; Kogasaka et al., 1979; Roseto et al., 1979) . We h.ave previously suggested that the rotavirus inner capsid was composed of 320 trimeric morphological subunits forming an icosahedral arrangement around 162 'holes' (Esparza & Gil, 1978) . In this paper we present results on the composition and topography of rotavirus structural polypeptides, and try to interpret them on the basis of our proposed architectural model.
Radiolabelling of infected cells. Confluent cell monolayers were washed three times with
PBS and inoculated with bovine rotavirus at an m.o.i, of 103 physical particles/cell. After 1 h adsorption at 37 °C, cells were washed once with PBS, and the appropriate maintenance medium was added, followed by incubation at 37 °C. Infected cells were maintained in MEM lacking FBS and from which either leucine or tyrosine was omitted, or with one-tenth the normal concentration of amino acids, depending on the isotope used for radiolabelling. One of the following radioactive precursors was added to the cultures 5 h after infection:
[3H]leucine (10 /tCi/ml), [3H]tyrosine (10 ¢tCi/ml) or 14C-labelled amino acids (4 ¢tCi/ml) (all from New England Nuclear). Incubation was then allowed to proceed at 37 °C for an additional 20 h, at which time cultures were processed for virus purification.
Purification of virus.
Infected cells were disrupted by one cycle of freezing and thawing and clarified by low-speed centrifugation (4000 g for 30 min at 4 °C). The supernatant fluid was mixed with 0.5 vol. trifluortrichloroethane (Freon-113), shaken for 5 min at 4 °C and the aqueous and Freon phases separated by low-speed centrifugation. Virus in the aqueous phase was concentrated by pelleting through a 2 ml cushion of 45 % (w/v) sucrose in PBS, using the SW41 Spinco rotor at 100000 g for 2 h at 4 °C. The virus pellet was resuspended overnight in PBS and subjected to isopycnic banding in a CsCI gradient. To that effect, enough CsC1 in PBS was added to reach a final density of 1.37 g/ml and centrifuged at 18 °C in the SW41 rotor for 40 h at .100000 g. Fractions were collected by puncturing the bottom of the tubes and the density of each fraction was determined by refractometry. Virus bands were located either by u.v. absorption or by radioactive measurement of acid-precipitable counts. For this, aliquots of each fraction were precipitated with 20 vol. 5% trichloroacetic acid (TCA), the precipitates collected on nitrocellulose filters (Millipore), washed three times with cold 5 % TCA, air-dried and counted in a toluene-based scintillation fluid (Aquasol, New England Nuclear). Virus-containing fractions were pooled, diluted with 5 ml PBS and centrifuged at I00000 g for 3 h at 4 °C in the SW39 rotor; pellets were resuspended in water and used for further characterization.
Electron microscopy. Virus pellets, resuspended in glass-distilled water, were stained with 2% phosphotungstic acid pH 7.2, and examined at 80 kV with a JEOL 100B electron microscope using the negative-staining carbon film technique, as described previously (Esparza & Gil, 1978) .
SDS-polyacrylamide gel electrophoresis (PAGE).
This was carried out in slab or cylindrical gels by the method of Laemmli (1970) using 10% running and 3.3% stacking polyacrylamide gels in tris-glycine buffer pH 8.6. Before electrophoresis, virus samples were dissociated by boiling for 3 min in a mixture containing 2% SDS, 0.1 M-2-mercaptoethanol, 2 mM-phenylmethylsulphonyl fluoride and 0.1 M-tris-HC1 pH 6.8. After electrophoresis, gels were fixed in 7% acetic acid-30% isopropanol. Radioactive bands in the slab gels were detected by quantitative fluorography (Bonner & Laskey, 1974; Laskey & Mills, 1975) . Cylindrical gels were frozen and fractioned into 1 mm slices; for the detection of 1251, the slices were counted directly in an LKB 1280 ultrogamma counter. For the 14C-labelled preparation, slices were digested for 1 h at 80 °C in 0.5 M-NaOH, cooled and counted in a Beckman counter after the addition of scintillation fluid.
Enzymic radioiodination of virus structural proteins. Lactoperoxidase-catalysed enzymic iodination of intact, single-or double-capsid rotavirus particles was performed as described by Marchalonis (1969) . To 100 /A purified virus containing aprox. 100 pg protein were added 2.5 #g lactoperoxidase (Sigma), I mCi 125I (New England Nuclear) and PBS to bring the final volume to 200 pl. Samples were kept at room temperature, and at the times 0, 3, 6 and 9 min, 4 pl 8 mM-H202 were added. Twelve min after the initiation of the reaction, it was stopped by the addition of 2 ml 5.5 mM L-cysteine (Sigma). The iodinated virus particles were pelleted through a 2 ml cushion of 45% (w/v) sucrose in PBS, using the SW39 Spinco rotor at 100000 g for 2 h at 4 °C. The virus pellet was resuspended in PBS and purified by isopycnic centrifugation in CsCI, as described above.
RESULTS

Separation and characterization of single-and double-capsid rotavirus particles
When partially purified, tissue culture-derived bovine rotavirus was sedimented to equilibrium in CsC1 gradients, two major light-scattering bands were formed which could be separated when 0.5 ml fractions were collected from the bottom of the tube. The denser material had a buoyant density of 1-38 g/ml and the lighter 1.36 g/ml, corresponding to the buoyant densities reported by others for single-and double-capsid particles respectively (Rodger et al., 1975; Bridger & Woode, 1976; Tam et al., 1976) . Electron microscopic examination confirmed the identity and purity of the material obtained from each band (Fig. 1 ). Single-capsid particles ( Fig. 1 a) , with their characteristic rough outline, had a diam. of 65 nm, and showed a tendency to aggregate. Double-capsid particles ( Fig. lb) were usually found as a more dispersed population, with a particle diam. of 72 nm. The doublecapsid particles did not show the sharply defined outline which has been described by other authors for human and animal rotavirions (Bridger & Woode, 1976; Esparza & Gil, 1978) .
The polypeptide composition of single-and double-capsid particles was studied by SDS-PAGE of [3H]leucine-labelled particles grown in LLC-MK2 cells (Fig. 2) . The nomenclature used is based on the apparent mol. wt. of each polypeptide, as previously estimated (Urquidi et al., 1981) . Double-capsid particles showed the presence of four major and two minor polypeptides, with mol. wt. ranging from 102000 to 34000 (pl02K, p91K, p84K, p45K, p37K and p34K). Single-capsid particles were found to be composed of only three polypeptides (pl02K, p91K and p45K). Polypeptide 45K, an inner-capsid component, was the major structural polypeptide accounting for approx. 80% of the protein present in single-capsid particles, and near to 60 % of the total virus protein.
Since at least eight polypeptides have been identified in LLC-MK2 cells infected with bovine rotavirus (Urquidi et al., 1981) , we compared the polypeptide composition of virus particles at different degrees of purification to study the possibility that some other structural polypeptide could have been lost during the purification procedure. Fig. 3 shows the SDS-PAGE patterns of virus polypeptides from infected cells (Fig. 3 a) and from particles which were obtained by pelleting of a clarified cell supernatant (Fig. 3 b) , the pattern of a Freon-ll3 extract of the supernatant (Fig. 3c ) and of the Freon-ll3 extract further purified by centrifugation through a 45 % sucrose cushion (Fig. 3 d) as well as from the 1.36 g/ml band of a CsC1 equilibrium density gradient (Fig. 3 e) . Even though the polypeptide patterns were similar, some differences could be detected. In the first place, a high mol. wt. polypeptide (> 110K) was observed in unpurified virus (Fig. 3 b, c) , whereas it was absent in purified particles (Fig. 3 d, e) and not clearly defined in whole infected cell extracts (Fig. 3 a) . It may represent protein aggregates which are removed by centrifuging the particles through the sucrose cushion. The second observation is in regard to the relative amount of p91K and p84K at the different steps of purification. In infected ceU extracts, and also in unpurified particles, p84K was present at higher concentrations than p91K. However, in purified particles, the ratios were inverted, p91K being the more abundant component. Since p84K is an outer capsid polypeptide, it may have been gradually lost during purification, being detected in less than normal amounts in the highly purified particles: alternatively, it may be a structural protein important in some late stage of maturation, which remained associated in excess, but not in a very stable form, with the mature virion. Finally, it should be emphasized that neither polypeptide p54K not p29K, which were previously identified as non-structural components (Urquidi et al., 1981) , were found associated in any instance with virus particles.
lodination and SDS-PA GE of polypeptides of single-and doubIe-capsid rotavirus particles
To investigate the precise location of the individual polypeptides on the rotavirion, we labelled virus particles with 1251, using the enzyme lactoperoxidase and, after dissociation, analysed them by SDS-PAGE. Since the in vitro iodination of virus proteins depends both on their degree of exposure and on their tyrosine content, we first compared the PAGE pattern of purified virus labelled with 14C amino acids or with [3H]tyrosine. No major differences were found in the relative amount of each peak (data not shown), suggesting that tyrosine was present in approximately the same concentration in all detectable virus polypeptides. Unfortunately, no good separation was obtained of the closely migrating polypeptide species, such as p91K to p84K and p37K to p34K, making it difficult to estimate possible differences in the tyrosine content of those species. Likewise, single-capsid particles labelled with [3H]tyrosine showed an electrophoretic pattern similar to that obtained with 14C-labelled amino acids, indicating a uniform distribution of tyrosine, at least among the three inner capsid polypeptides. As a control for all iodination experiments we used a rotavirus preparation uniformly labelled with '4C amino acids, in which double-and single-capsid particles were separated by a CsC1 equilibrium density gradient (Fig. 4 a) . Rotavirus preparations which were labelled by in vitro iodination gave, after equilibrium sedimentation in CsC1, two major and several minor peaks (Fig. 4b) . Peaks at the densities of approx. 1.36 and approx. 1.38 g/ml were identified by electron microscopy as corresponding to double-and single-capsid particles respectively, and were used for further experiments. The other peaks may have arisen by disintegration of rotavirus due to the labelling procedure. Finally, we labelled with '251 a virus preparation which was previously decapsidated by treatment with 15 mM-EDTA, giving a very sharp band in CsC1 at a density of 1.38 g/ml (Fig. 4 c) . Fig. 5 shows the results obtained after SDS-PAGE of single-capsid particles. In virus labelled with '4C amino acids (Fig. 5 a) , the major component was p45K, followed by p91K and by a small amount of p l02K. On the other hand, the radioactive profile of virus * Data calculated for degree of iodination were obtained from the experiment shown in Fig. 5 , the relative frequencies of polypeptide molecules in single-capsid particles were average values obtained from duplicate experiments, as shown in Fig. 5 (a) .
t Relative amounts of labelled polypeptides were expressed as percentage of total counts. $ The total protein mass for each polypeptide species was derived from the value of 57.8 x 106 daltons of protein in single-capsid particles, calculated on the basis of a 16 % RNA content. labelled with 1251 shows that the polypeptide species incorporating the greatest amount of label was p91K (Fig. 5 b, c) . The profiles of single-capsid particles labelled without (Fig. 5 b) or with previous decapsidation by EDTA treatment (Fig. 5c) were essentially the same. The major difference was the presence in the former of a small peak of radioactivity migrating ahead of p45K, in a region corresponding to the major outer capsid polypeptide (p37K), which may have been present as a contaminant. Table 1 summarizes the results obtained from the iodination experiments ofsingle-capsid particles. The data indicate the following: (i) the major inner capsid polypeptide (p45K) is not readily available for iodination, suggesting that it is probably covered by a more external polypeptide~ (ii) the external polypeptide may be represented by p91K, the most exposed polypeptide of the inner capsid; (iii) pl02K also appears to be a partially accessible polypeptide in single-shelled particles.
The analysis of polypeptides from double-capsid particles proved to be a more difficult task, since no good separation could be obtained of the closely migrating species (Fig. 6) . Again, in virus labelled with 14C amino acids, the major polypeptide component of doublecapsid particles was p45K (Fig. 6 a) . The major components of the outer capsid were p37K and p34K, which migrated very closely in the gel. The other outer capsid polypeptide, p84K, could not be separated from p91K. As expected, p45K incorporated very little 125I, which was labelling what appears to be p84K, and most markedly, p37K and p34K.
It is difficult to give an accurate interpretation of these results due to the poor separation obtained with some of the polypeptides. Nevertheless, some preliminary conclusions can be drawn: (i) two of the inner capsid polypeptides (p91K and p45K) can be labelled, although to a very limited extent, in double-capsid particles: (ii) the outer capsid protein which is most available for iodination appears to be p84K, followed by p34K and p37K, the latter being the major polypeptide of the outer capsid.
DISCUSSION
In this paper we present evidence indicating that bovine rotavirus, grown and purified from infected LLC-MK2 cells, possesses at least six structural polypeptides, three of them associated with the inner capsid (pl02K, p91K and p45K), and three with the outer capsid (p84K, p37K and p34K).
In single-capsid particles, p45K accounts for approx. 80% of total virus proteins, p91K represents about 20%, and pl02K is present in a concentration close to 1% (Table 1) . The number of molecules per virus particle was calculated assuming that single-capsid particles contain a full complement of double-stranded RNA genome with a mol. wt. of 11 x 106 (Verly & Cohen, 1977) . The RNA content of single-capsid bovine rotavirus was estimated to be approx. 16%, by using both the orcinol reagent and by u.v. absorbance of highly purified particles (data not shown). Table 1 shows the results obtained with singlecapsid particles. The estimated number of molecules per single-capsid particle was approx. 6 of pl02K, 140 of p91K and 989 of p45K. The numbers indicate a possible correlation with data obtained from ultrastructural studies done with human rotavirus (Esparza & Gil, 1978; Esparza et al., 1980) , in which we suggested that the inner capsid presents an openmesh structure composed of 162 'holes' formed by the icosahedral arrangement of 320 trimeric subunits. Thus, we would like to propose that p91K is associated with the holes observed in the surface of the particles, and that p45K, the most abundant polypeptide, forms the 320 trimeric morphological units, giving a total of 960 protomeric molecules per particle. In fact, native p45K isolated from infected cell extracts, behaves as a trimeric structure when analysed by velocity sedimentation and gel filtration (M. Gorziglia & J. Esparza, unpublished observation) .
In this model p45K being a trimeric complex, could be partially protected from surface iodination; moreover, p91K molecules located on each one (or most) of the surface holes could represent a barrier for the iodination of the innermost part of the p45K trimers (Fig. 7) . The precise location of the third inner capsid polypeptide, pl02K, is more difficult to envisage; it is not readily iodinated in double-capsid structures, while it is accessible in single-capsid particles, suggesting a relatively exposed location in such particles. The number of pl02K molecules per virion is small, indicating that it may not have an important structural function, and perhaps indicating that it may be part of an enzymic complex. Roseto et al. (1979) studied the structure of rotaviruses using the freeze-drying technique, and presented evidence suggesting the existence of 132 capsomers, arranged in a skew symmetry with T = 13. The figures presented by the authors could also be interpreted as suggesting the existence of 132 holes, which in turn, according to our previous model (Esparza & Gil, 1978) , should be surrounded by 260 trimeric morphological units, giving a total of 780 protomeric molecules per virus particle. The number of molecules estimated for each inner capsid polypeptide could also account for the structural model suggested by Roseto et al. (1979) . In that case, p91K would be associated with the 132 'holes', and p45K with the theoretical 780 protomeric molecules per virion. As with the double-capsid particles, we could not directly estimate their RNA content, and a value of approx. 12% was extrapolated from the results obtained with single-capsid particles. However, calculation of the number of polypeptides present in the outer capsid was hampered by two other possible sources of error: some outer structural polypeptides appear to be partially lost from the particles during the purification procedure, as is clear in the case of p84K (Fig. 3 a, b) , and in some experiments it was difficult to separate closely migrating polypeptide species (like p91K-p84K and p37K-p34K), resulting in inaccurate calculations of the individual relative frequencies.
Even after obtaining some indication of the degree of exposure of outer capsid polypeptides (p84K > p34K > p37K), we feel that further investigation is needed to obtain a more precise knowledge of their arrangement in the virion. This is particularly important since outer capsid polypeptides most probably constitute the elements which interact with the host cell surface and they may also be the important antigens in virus neutralization.
Our results are in partial agreement with previous reports on the polypeptide composition of bovine rotavirus particles (Newman et al., 1975; Bridget & Woode, 1976; Rodger et al., 1977; Cohen et al., 1979; Matsuno & Mukoyama, 1979; Thouless, 1979) , although major differences were found between the mol. wt. reported by the different authors (Table 2) . In every case two major polypeptides were found to be associated with the inner capsid, which appear to correspond to our p45K and p91K; a third inner capsid polypeptide, with a larger mol. wt. (corresponding to our pl02K) was also consistently reported. On the other hand, reports on the polypeptide composition of the outer capsid are not so consistent. Most authors agree on the presence of low mol. wt. polypeptides (approx. 30K) on the outer capsid, which appear to be glycosylated (Rodger et al., 1977; Cohen et al., 1979; Matsuno & Mukoyama, 1979) . However, some disagreement exists on the presence of another outer capsid polypeptide, with a mol. wt. between 50K and 60K, which is observed by some authors (Bridger & Woode, 1976; Rodger et al., 1977; Matsuno & Mukoyama, 1979; Thouless, 1979) , but not by others (Newman et al., 1975; Cohen et al., 1979) . We also failed to detect this polypeptide as a structural component, despite its synthesis in infected cells (p54K). On the other hand, we detected another outer capsid polypeptide with a mol. wt. of 84K. These differences may be due to the use of different virus strains and methods of virus purification. On the other hand, the absence in our virus preparations of the 50K to 60K polypeptide may explain the rough outline of our double-capsid particles, as opposed to the sharply defined outline previously described for complete rotavirions (Bridger & Woode, 1976; Esparza & Gil, 1978) . That observation may also be related to the absence of poly(A) polymerase enzymic activity in tissue culture-derived bovine rotaviruses, even though such activity has been detected associated with purified doublecapsid human rotaviruses (Gorziglia & Esparza, t981) .
The function of rotavirus structural polypeptides, and particularly of the outer capsid components, is presently being investigated using antibodies against purified virus polypeptides.
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